GAS-LIQUID EQUILIBRIUM PREDICTION OF SYSTEM CO 2 -AQUEOUS ETHANOL AT MODERATE PRESSURE AND DIFFERENT TEMPERATURES USING PR-EOS
One of the most important design considerations that should not be ignored during industrial purpose equipment designing is vapour-liquid equilibrium (VLE). Thus, in chemical engineering, the first step is the computation of VLE properties of materials by employing equations of state (EOS). In this study, we have used a thermodynamic model established for a binary system of carbon dioxide (1)-aqueous ethanol (2) , which was employed to estimate the gas--liquid equilibrium at moderate pressures (up to 6 bar) and varying temperatures (288-323 K). The Peng-Robinson EOS was employed to determine the VLE properties. Mixing rules such as van der Waals and quadratic mixing rules were also used for the determination of ethanol-water mixture critical parameters, which entails the pseudo-critical method as one component, and the results obtained from this study were similar to the ones reported in recent literature for empirical phase equilibrium studies.
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Several attempts have been made during the last five decades to compute the VLE properties of different materials by employing a mathematical model, but unfortunately due to lack of theoretical basis, all attempts resulted in no significant outcome. The advent of computer technology and programs has made it possible to interpolate, extrapolate and predict thermodynamic information, which is crucial in designing of equipment sand modeling of process operations [1] .
Intensive research has been conducted on gas solubility in liquids during the last three decades. This is significant from an industrial application point of view where gas solubility in pure and mixed liquids are of considerable importance, e.g. carbonation processes employed for wastewater treatment, stripping columns, gas absorption, soft drinks and alcoholic beverages, etc. [2] . However, gas solubility in diluted liquids is also of considerable importance from a theoretical point of view. Molecular theories are being tested by employing empirical solubility data and it is also utilized to illustrate the intermolecular interactions and microscopic structure of materials. Wilhem et al. [3] reported the dependence of benefits of low-pressure gas solubility over high-pressure equilibrium data and it was based on the observation that inaccuracies brought by semi-empirical relation is insignificant and it has no effect on the final observations, e.g. the impact of the solute's partial molar volume on indefinite diluted solvent and besides this some definite assumptions make possible the thermodynamic treatment of the system [2] .
Other different thermodynamic information, such as volumetric characteristics and phase equilibrium of mixture and pure compounds (carbon dioxide either with alkane or alkanol), has great interest in the domains of chemical engineering, oil and biotechnology areas. It is also used for the establishment and validation of some models of thermodynamics. Identification of global phase behavior of different systems in a specified range of temperature and pressure is also crucial in this context [4] .
Empirical observations for gas solubility in common systems that are employed for the establishment of models for studying different parameters, especially at high pressures, can be found in the existing literature. The carbon dioxide and water binary system was also studied by Alain et al. [5] , who reported new empirical observations for VLE data at a wide range of temperature (278.2-318.2 K) and pressure around 80 bar. These observations were consistent with the ones already present in the literature. Gas solubility and Henry's data was also extensively researched by Dalmoelin et al. [2] , who employed carbon dioxide gas to check its solubility in pure water and ethanol and a mixture of both and for this they chose temperature in range of (288-323K) whereas pressure was maintained up to 6 atm for pure solvents as well as their mixture with varying amounts of both solvents. The CO 2 and alkanol system was studied by Elizalde-Solis et al. [4] , who measured their VLE values. The temperature range for carbon dioxide and 1-propanol system was around 344 to 426 K and its equilibrium values were determined. However, for CO 2 + 2-propanol, temperature in range of 334 to 443 K was used. 1-Butanol with CO 2 system was studied at temperature 354 to 430 K. Polyethylene glycol 200 as a solvent was also studied using carbon dioxide as gas model by Minqiang Hou et al. [6] . They used the following solvents and their mixtures in his study; PEG200, PEG with an average molecular weight of 200 g/mol), 1-pentanol and 1-octanol. PEG200 + 1-pentanol, and PEG200 + 1-octanol and the reported temperature range was 303.15, 313.15 and 323.15 K up to 8.0 MPa, respectively. With increase in the pressure, increase in the gas solubility was reported by [6] ; also, increased alcohol concentration was found to also have significant impact on mixed solvents. However, at increasing temperature, the solubility decreases and it was found to be different for different solvents. Carbon dioxide had high solubility in PEG200 + 1-pentanol. Thiophene as a solvent for carbon dioxide was investigated by Elizalde and Galicia-Luna [7] and CO 2 + 1-propanol was also studied. The Peng-Robinson equation of state along with the classical mixing rule was employed for the computation of VLE data of binary mixtures. Comparative analysis of empirical and theoretical observations was made in the end.
Secuianu et al. [8] studied the phase behavior of the carbon dioxide in methanol; they measured the VLE of this system and reported data at 293.15, 303.15, 313.15, 333.15 and 353.15 K and pressures between 5.2 and 110.8 bar. They modeled the measured VLE data and literature data by using a general cubic equation of state combined with a classical van der Waals two parameter conventional mixing rule. They used one set of interaction parameters to predict the critical and subcritical VLE in binary mixture CO 2 and ethanol in a varied temperature. They also concluded from the comparison between the predicted results, experimental data and the literature data, the phase behavior was suitable reproduced.
Results obtained from this research for PR-EOS in CO 2 (1)-aqueous ethanol (2) at optimum pressure and temperature was analyzed and compared with empirical data obtained from [2] .
THERMODYNAMIC MODEL
For the computation of phase equilibrium behaviour, the thermodynamic model employed for this purpose must meet the requirements mentioned in the expression mentioned below. This expression is for two-phase equilibrium in which one phase is represented by prime (') and the other by double prime (").
In the above expression f indicates the fugacity of component (i) in a multi-component mixture [9] . EOS A component's fugacity in a phase is computed by employing a thermodynamic equilibrium model utilizing EOS. Interaction energies and size factors have been observed to have an impact on the results of the models used for fugacity computation. This creates the requirement of mixing rules development for the estimation of highest energy and size parameters as needed by EOS.
For modeling phase behaviour, cubic EOS are generally employed, which are quite simple and extensively employed for empirical data analysis [10, 11] .
The following modified equation was proposed by Peng and Robinson:
At the critical point: 
At other temperatures, the parameter T is changed as:
The efficiency of this term was improved by Graboski and Daubert [13] 
A and B are defined as: 
Determination of compressibility factor can be made through the cubic EOS by simplifying it with an iterative procedure via the Newton-Raphson method.
As pressure-explicit EOS are the more general types of equations, the significant relation for determination of fugacity coefficients can be made by using the following equation:
where V indicates the total system volume whereas n 1 and n 2 represent the mole numbers of components 1 and 2, respectively. Substituting PR-EOS into Eq. (10) will yield the following closed-form expression for fugacity coefficient, which it acquires in the liquid phase:
lnˆ ( 1) 
Fugacity computation of components present in the gas phase was performed by employing equation 11 in which y i and entire PR-EOS a and b values were substituted by their corresponding terms. EOS was first formulated for pure components and later it was modified for mixed components by using mixing rules which combine pure component parameters [16] .
Mixing rules
Van der Waal's mixing rule has been used for the derivation of simple EOS expressions and later modifications may have been introduced in it. Onefluid mixing rules can be employed for the compu- 
The following mixing rule equations were employed in this study:
Modified van der Waal's mixing rules (MR1): 
RESULTS AND DISCUSSION
Prediction of VLE by employing cubic EOS expressions along with physical characteristics of pure components and adjustable parameters of binary system of CO 2 (1)-aqueous ethanol (2) was the major objective of this research. van der Waal's equation was altered by PR-EOS and mixing rule. The quadratic rule is generally employed for finding the correlations of empirical observations for VLE. Comparison of calculations with empirical observations was made after the computation of CO 2 mole fraction in the liquid phase (x). For comparative analysis, empirical data was obtained from [2] .
Critical parameters of water-ethanol mixture at different compositions, such as critical temperature (T cm ), critical pressure (P cm ) and acentric factor ω m were approximated by the following expressions [18] 
In the above expression the symbols T cm , P cm and ω m represent the critical temperature, pressure and acentric factor, respectively, for a given mixture, whereas T ci , P ci and ω i are the critical parameters of ethanol and water. The expression x i shows the mole fraction of components (water and ethanol). The critical properties of the carbon dioxide, ethanol and water are shown in Table 1 . The mentioned Eqs. (14)- (16) were employed for the transformation of the multicomponent mixture (ethanol-water) to a single component and it was aimed to convert the ternary system (carbon dioxide--ethanol-water) system into a binary system (carbon dioxide and aqueous ethanol). Mixing rules entail some adjustable parameters such as k 12 and L 12 and the latter one can be calculated by using two different approaches and it need the empirical observations and later it is fitted into EOS expression. A trial and error method was adapted for the identification of MR2. Computation of mole fraction solubility was performed by using each isotherm pressure. The minimum mean absolute deviation (MAD) obtained by acceptable values of k 12 and L 12 was calculated as: exp.
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where N represents the number of considered data points.
Computational and programming details have been described previously [19] . For all the given compositions, acceptable values of k 12 and L 12 were used and the MAD values taken at different temperatures and varying compositions utilizing PR-EOS in CO 2 --aqueous ethanol system are shown in Table 2 . The comparative observations for computed and empirical data sets that took place at the temperature in the range of 288 to 323 K for all the given mixture compositions are shown in Table 2 . MAD for MR2 was found to be lower than MR1 and this difference in the Table 2 values is negligible. We have found that thermodynamic model using PR-EOS along with MR1 and MR2 is best suited to run this system smoothly. Figures 1-8 show the comparative analysis of theoretical and empirical data values. It is obvious that there is good agreement between the calculated data using PR-EOS and the previous work Ghazi et al. [20] using the Soave-Redlich-Kwong equation of state (SRK) and experimental data. However, it is noticeable that there is small deviation between the results of the two equations where the MAD of the SRK that is less than the MAD for the PR-EOS for the two mixing rules. 
CONCLUSION
We used PR-EOS along with MR1 and MR2 for studying VLE and the obtained observations were consistent with empirical data provided in [2] . We used this model for the computation of VLE for CO 2 (1)-mixture (2) (ethanol and water) at varying temperatures and moderate pressures. In the mixing rule MR2, two adjustable parameters named k 12 and L 12 are used, which yielded reduced MAD compared to the one obtained by MR1. The latter one was used to determine the equilibrium data for CO 2 (1)-mixture (2).
Besides this, MAD variation between MR1 and MR2 was insignificant. This results in the preferable use of MR1 with k 12 parameter to study gas equilibrium conditions in CO 2 mixtures. In the studied system, variation in the L 12 values was observed. experimental value calc. calculated value g gas phase i,j component m mixture r reduced property
